The paper presents the dynamic analysis of an anisotropic rotor system with fluid interaction by using modal nonsynchronous perturbation testing and dynamic stiffness approaches. The anisotropic rotor system produces more complex rotor behavior than an isotropic system. In particular, the existence of the quadrature resonance phenomenon for backward precession is demonstrated. A symmetric rotor supported anisotropically by one fluid lubricated bearing and one rolling element bearing simulates rotating machinery behavior. A dynamic stiffness anisotropy algorithm which includes fluid terms is used to process experimental data in order to identify lightly loaded journal fluid film force parameters. The existence of the quadrature resonance for backward precession obtained from the experiment is compared with the analytical model. The results from modeling show strong agreement with experimental results.
INTRODUCTION
n spite of the interest and extensive research, it is not easy to obtain adequate information on rotating systems, due to their complexity and diversity. For several decades, the models of rotating systems have been continuously improving based on rotating machine field data and experimental research results. Since the development of the simple, isotropic, Jeffcott rotor model in 1919, various theoretical and experimental approaches, such as modal testing methods, multi-mode modeling, and consideration of fluid effects (Muszynska [ , 1994 , Subbiah et al [1989] and Tam et al [1988] ), have been implemented to produce meaningful insight into the system dynamics. Fluid involved in rotational motion, mainly due to shaft rotation, has an interactive effect on the system behavior. Due to fluid interaction, there exist rotor self-excited vibrations which are known as fluid whirl and whip ). From the earlier work, including an explanation of the fluid-related rotor response, stability threshold (Poritsky [1953] ), and rotating character of fluid force (Black [1969] ), to the introduction of fluid circumferential average velocity ratio and the experimental identification of the fluid force model in lightly loaded bearings and seals and Bently [1988] ), many researchers have contributed to improvements in dynamic models of rotor vibrations. There is still a room for further improvements as most results were obtained for isotropic rotors (Nordmann [1983] , , Rogers and Ewins [1989] ), which were developed to overcome the limitations of classical passive structure modal testing, are widely used to quantify parameters of rotating machinery. Nordmann [1983] has used impact technique to evaluate the stiffness, damping coefficients of bearings, and considered some difference between nonrotating and rotating system. Roger and Ewins [1989] extended modal testing techniques to apply rotating machines by using a modified shaker. has used synchronous perturbation testing, and nonsynchronous perturbation testing using swept frequency forces for identification of rotating machines. One of them, the modal nonsynchronous perturbation testing methodology by Muszynska [ , 1990 Muszynska [ , 1995 has proven to be a powerful tool, as it enables independent identification of forward and backward modes of the rotating machine rotors.
In this paper, a symmetric rotor supported anisotropically by one relatively rigid and one fluid-lubricated bearing is considered in a range of frequencies which includes the fluid-induced resonance (Muszynska [1995] ). Modal nonsynchronous perturbation testing is applied to the system in both forward and backward directions. A dynamic stiffness Bently [1984, 1990] ) data processing identification algorithm is developed for the use with a two real degree of freedom anisotropic rotor model. The model includes fluid inertia effects. The existence of a previously undocumented resonance phenomenon for the backward precession, which exists only under anisotropy, is demonstrated.
SYSTEM MODEL AND ANISOTROPY ALGORITHM
The rotor is assumed to be symmetric, and supported anisotropically by one rigid and one fluid lubricated bearing. The system model, based on the discretized modal consideration of rotor displacement, can be represented by two lateral modes. The model contains the fluid-induced force (including fluid inertia effect) that was developed for lightly loaded bearings and for seals by Muszynska [1988 Muszynska [ , 1995 . The mathematical model in terms of rotor two lateral orthogonal displacement model at the bearing location is as follows" 
TEST RIG
The test rig is shown in Figure 1 . 
TESTS RESULTS
The rig was designed to have a conical rigid body mode of the rotor within the nonsynchronous perturbation speed range. Through the basic tests, the quadrature (fluid-induced) resonance speeds were found at about 500, 970, 1460 rpm for 1000, 2000, 3000 rpm rotative speed respectively. These results show that the system resonance is fluid-related, and the viscous damping of the fluid film is its dominant characteristic. The damping in the fluid film has an over-critical value ) and high damping ratio (about 10). Figure 2 . A polynomial curve fitting was used to obtain rotor system modal parameters from the plots. Two different conditions, Case and Case 2, were tested. When using the same unbalance weight for both forward and backward perturbation, the magnitude of backward perturbation response amplitude is much smaller than that of forward perturbation (Case 1). In the Case 2, the backward perturbation force was 6.5 times higher. Two cases were, therefore, tested to verify and to compare the results from backward precession (unbalance weights: 3.1 gram and 20.1 gram). In Figure 2 , the direct and quadrature stiffness plots present the expected results described by the algorithm (8). They illustrate anisotropic components, which are mainly included in the direct stiffnesses of Kll and K22, and the quadrature stiffnesses of K12 and K21 when the journal was positioned at low eccentricity ratio, about 0.1, near the bearing center. Since it was difficult to separate M and Mf, M was calculated separately by considering rotor physical dimensions and steel density, 7.86 103 kg/m3.
Figures 3 to 5 and 9 (a) present the experimental response data in the Bode and polar plot formats for several cases. There is some disturbance in the data when the perturbation and rotation frequency are equal, around 2000 rpm, which is due to an interference in the filtering system. For the forward perturbation there is a high peak resonance (fluid-induced or quadrature resonance). In each case, there can also be seen the existence a resonance for backward perturbation, which has been previously undocumented. This resonance amplitude is much smaller than the one for the forward perturbation. When the phase and amplitude pattern near 970 rpm is considered, it seems to be fluctuating due to a residual effect of the forward rotating rotor rather than a resonance. But the analytically calculated data based on Eq. (Grant et al [1993] ).
The paper documents a specific type of fluid-induced resonance behavior for backward precession under the anisotropy of the rotor/bearing system. It is known that the quadrature resonance (or fluid-induced resonance), which is caused by rotor/fluid interaction, occurs at one of the rotor/fluid bearing system natural frequencies, and exists only for forward direction (Bently and Muszynska [1985] ). This result was obtained for isotropic conditions. In this paper, to verify whether there exists a resonance phenomenon for backward precession or not, several tests were applied to the both experimental and model data. The results present the existence of the resonance, with phase and amplitude changing pattern, only under anisotropy condition of the system. There is no backward direction resonance when isotropic parameters are used. For other operating speeds, 1000 rpm and 3000 rpm, the same result patterns were obtained. When considering low damping, the responses show a more complex pattern, but the similar phenomenon is still present. In the test for analytical model, the backward resonance patterns change if anisotropic fluid inertia or damping parameters are respectively modified.
The discussed results describe the existence of backward quadrature resonance under anisotropy. Subscripts:
x, y Perturbation forward and backward direction.
Two lateral directions.
